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Several dams throughout the United States have been built on karst terrains, 
where soluble limestone bedrock has been dissolved to form features such as caves, 
sinkholes, and underground rivers.  In such karst regions, subsurface hydrology can play 
an integral role in the condition, operation, and safety of dams and should be considered 
during risk assessment. Patoka Dam, near Jasper, Indiana, is situated on a well-developed 
karst landscape/aquifer system, faces significant potential challenges, and recently 
underwent risk assessment. A groundwater flow investigation using multiple fluorescent 
tracer tests, analysis of water-table elevations, isopach mapping of the Glen Dean 
Limestone, and spring hydrograph analysis was performed to better understand local 
groundwater hydrology in the vicinity of the existing water-control structures.  
Dye-tracing results identified the local flow direction as south to north and the 
mean dye travel time from injection locations to Robert Hall Cave Spring (RHCS) as 8-
11 feet per hour. These results also indicate that groundwater is bypassing the control 
structures in the vicinity of the cut-off wall, but the geometry of these flow paths is not 
clear. The recharge area for RHCS, a significant groundwater discharge point 
downstream from Patoka Dam, was delineated and the existence of a groundwater divide 
in the area of the dike was confirmed. The location of this groundwater-basin boundary 
follows an estimation of where the Glen Dean Limestone outcrops along the perimeter of 
xi 
 
the dissected ridge that lies between Patoka Lake and RHCS. Spring hydrograph analysis 
shows that spring discharge is primarily influenced by local precipitation events. 
However, precipitation events can result in increased pool elevation making the 
relationship between spring discharge and pool elevation unclear within the data set.  
This groundwater investigation has provided a clearer characterization of the 
hydrogeology within the vicinity of Patoka Dam. In combining the various hydrogeologic 
results, some insight into the function and geometry of the local karst network that could 
potentially affect the integrity of the dam and/or dike structures has been provided.
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Chapter 1: Introduction 
Karst landscapes form by the dissolution of carbonate bedrock.  They are 
characterized by caves, sinkholes, sinking streams, underground river systems, springs, 
and commonly by the absence of integrated surface-water drainage systems. About 20% 
of the Earth’s surface is identified as karst terrain and it is estimated that up to 25% of the 
world’s population relies on the water resources conveyed in these systems (Ford and 
Williams 2007, 1). While much is known about the function of karst systems, in some 
situations aging infrastructure and new development can pose problems in karst areas, 
creating a need for additional research to address these challenges.   
Several dams throughout the United States are built on karst terrains (Henn 2011).  
These structures face particular challenges with regard to potential failure modes created 
by the karstic environments within which they operate. In karst regions, subsurface 
hydrology can play an integral role in the condition, operation, and safety of dams, and 
should therefore be considered during risk assessment. Patoka Dam in southern Indiana 
represents a case where karst processes may impact the integrity and overall safety of the 
dam.  Through hydrogeologic investigations, conditions can be better understood and risk 
assessment improved. The research described herein was a collaborative effort between 
Western Kentucky University’s (WKU) Crawford Hydrology Laboratory (CHL) and the 
United States Army Corps of Engineers (USACE). This investigation of karst 
groundwater flow in the vicinity of Patoka Dam was conducted to better understand the 
relationships between local groundwater hydrology and the various existing water-control 
structures with a particular focus on the dike.  
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 Since groundwater and sediment flowing through the conduit system leading to a 
relatively large spring just downstream of Patoka Dam, known as Robert Hall Cave 
Spring (RHCS), could potentially impact the integrity of the water-control structures 
associated with the dam, an effort to delineate the RHCS recharge area was undertaken to 
better inform dam risk assessment.  This research employed multiple dye-tracer tests, 
potentiometric surface mapping, consideration of geologic relationships, and spring 
hydrograph analysis to define groundwater direction and velocity and delineate the extent 
of the spring’s drainage basin. Specifically, results of this study could provide 
information to inform the choice of target areas for more intrusive and expensive 
investigations, such as monitoring wells or borings. The ability to prioritize and target 
areas for additional investigation may likely not only save time and money but ultimately 
promote better risk assessment and dam safety management. This, in turn, may reduce the 
risk of catastrophic failure, with the potential to save human lives and millions of dollars 
in damages, as well as allowing the dam to continue to provide flood control, recreation, 
and stimulus to the local economy. 
In the case with Patoka Dam, the amount of water leakage, from a water storage 
standpoint, is not the primary concern, but rather the identification of potential seepage 
pathways for internal erosion of unconsolidated dam materials. To address these issues 
the research goal was to delineate the drainage basin of RHCS and better quantify local 
subsurface hydrogeology. Specifically the study addressed the following research 
questions: 
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 Where is the recharge area of the RHCS drainage basin? 
 At what velocities is groundwater moving through soil and bedrock conduits 
within the RHCS drainage basin? 
 Is groundwater bypassing subsurface water-control structures to resurge at 
RHCS? 
 Do changes in lake-pool elevation impact flow conditions at RHCS? 
 What is the three-dimensional geometry of the Glen Dean Limestone in the study 
area, and how does this impact hydrogeologic conditions? 
Literature Review 
Karst-related dam safety concerns have become more prominent through time due 
to increased leakage at aging dams and/or subsequent recognition of inappropriate 
treatment during construction. Remediation has become necessary at several of these 
structures as karst processes have been shown to influence or enhance foundation and 
abutment leakage, in some cases creating conditions for potential dam failure.  
Simultaneously, there is compelling evidence that dramatically increased subsurface 
hydraulic gradients created by dams can accelerate the natural karst-related limestone 
dissolution processes allowing geologic change on engineering time scales. Romanov et 
al. (2007, 775) developed realistic numerical models combining groundwater flow with 
limestone dissolution kinetics to show that artificially “high hydraulic gradients can 
enhance dissolutional widening of fractures in limestone.” This may have significant 
implications for dams since the models show karstification occurring rapidly and within 
the designed lifetime of a dam; possibly tens of years. This is another reason risk 
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assessment of dams is essential and the research is necessary to provide the most 
comprehensive hydrologic evaluation. 
The USACE uses risk assessment strategies to determine if dams are at risk for 
failure in order to prioritize remediation needs and funding (Henn 2011). These are based 
on multiple physical parameters unique to each dam, the potential for each failure mode 
to adversely impact dam integrity, and the consequences of failure. At dams in karst 
regions, subsurface hydrology can be an important factor in the type and extent of 
potential failure modes and should be considered during the risk assessment process.   It 
is important to examine the relevant literature conducted on the problems with dam 
construction and engineering in karst areas and how hydrogeologic studies are used to 
assess risk at dams in karst regions to understand the apparent need for rigorous field 
investigations at each structure whether prior to construction or for remediation efforts. 
 
Dams in Karst Areas - “An Inherent Risk” 
Dams have been built on karstic landscapes all over the world and multiple case 
studies were presented by Milanovic (2004, 121-188). Abundant information from other 
authors exists on individual dams and the unique problems associated with each setting, 
with karst the common denominator (e.g., Frink 1945; Lucey 1991; Benavente et al. 
1993; Pantzartzis et al. 1993; Zogovic 1993; Urich 2002, 33-34; Crawford et al. 2005; 
Mohammadi and Raeisi 2007; Mohammadi et al. 2007; Bonacci and Rubinić 2009; Bruce 
et al. 2012).  
The nature of karst itself presents a variety of challenges to the construction and 
successful operation of dams and reservoirs (Milanovic 2004, 67-77).  Karst is 
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characterized by well-developed underground drainage systems in especially soluble 
bedrock with random distribution of dissolution features, often involving both turbulent 
flow within solutionally enlarged conduits and laminar groundwater flow within the rock 
mass. This distinctive nature can be expressed in terms of the geology, hydrology, and 
geomorphology, each posing complex problems.  
The complexity of karst systems makes evaluation for dam construction difficult, 
and conventional geologic study methods are commonly inadequate (Xeidakis et al. 
2004).  An opinion shared by several researchers (Zotl 1977; Milanovic 1985, 2002, 
2004; Mohammadi and Raeisi 2007; Mohammadi et al. 2007; Milanovic et al. 2010) is 
the need for rigorous field investigations to characterize karst at the specific location of 
interest. Petar Milanovic (1985, 2002, 2004, 2011), an authority on water resource 
engineering in karst, has stressed in multiple publications that the unique situation of each 
dam should not be overlooked as “similar situations are seldom, if ever, repeated” (2002, 
13).  
Engineers have found that classification of karst assists in selecting the techniques 
and designs appropriate for engineering purposes and is the first step to a site assessment 
for any construction project on karst terrain (Waltham and Fookes 2005). Waltham and 
Fookes (2005) classified karst from juvenile to extreme, and provided guidelines for 
engineering projects in such environments.  Others agree with Waltham and Fookes 
(2005) that the amount of karstification impacts the choice of dam location, dam design, 
and eventually, in some cases, remediation (White 1988, 368-372; Bonacci and Rubinić 
2009; Milanovic et al. 2010). Milanovic (2004, 67-77) made it clear that, in some cases, 
no matter the amount of research and assessment, risk cannot be completely eliminated.  
6 
 
The Problems 
Building any structure that changes the groundwater regime can have potentially 
unpredictable consequences to the local hydrology and the structure itself (Milanovic 
2002).  When constructing dams upon karst terrain, these consequences can be 
foundation and abutment leakage, land subsidence and induced collapse, sinkhole 
formation on the bottom of the reservoir, and potential catastrophic failure. While each of 
these can be a unique problem at a particular dam or exist in concert, they are truly 
inextricably linked as described by White (1988, 368-372) and Milanovic (2004, 67-188).  
Dreybrodt (1988, i) put it very simply that a “two-way interaction exists, such that 
processes change properties of the system, and vice versa, changed properties may 
activate new processes and so on.” Leakage can create subsidence and the induced 
collapse or sinkhole formation can allow more leakage, and a cycle is started which can 
then lead to failure of the structure. 
In broad terms, the main problem at dams in karst areas is water tightness but, as  
Bruce et al. (2012) pointed out, the amount of leakage is usually not of the utmost 
importance but rather that the sediment it erodes creates conditions for potential failure. 
Subsidence is a problem in reservoirs as numerous case studies have related subsidence 
to the cause of leakage at dams across the globe, including multiple locations in the 
United States (e.g., Lucey 1991; Gourley 1992; Pantzartzis et al. 1993; Zogovic 1993; 
Milanovic 2004, 121-188; Crawford et al. 2005; Milanovic et al. 2010).  
Without question, challenges to constructing and maintaining dams and reservoirs 
in karst regions are varied, abundant, and intricately tied to the hydrogeologic processes 
that characterize karst. The better understood these processes are and the effect these 
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processes have on the properties of a system, the better equipped dam engineers are to 
safely construct dams in karst areas and the owners of existing structures to manage, 
assess, and remediate potential problems. Specifically, hydrogeological investigations 
provide information about the varied problems that affect dams in karst areas and allow 
for better risk assessment.  
 
Challenges to Methodology 
 The often extreme heterogeneity and anisotropic nature of karst groundwater 
systems typically requires that multiple methods be used to best understand conditions at 
a specific location. Mohammadi and Raeisi (2007), Milanovic et al. (2010), and 
Milanovic (2011) expressed the need for intensive hydrogeologic studies prior to dam 
construction due to the many uncertainties associated with karst hydrology and the 
uniqueness of each site.  Methods used in non-karst areas, the data they provide, and the 
typical interpretation of that data may not supply the best representation of 
hydrogeological conditions in karst environments. On this basis, intensive field 
investigations designed specifically for each karst dam site should be undertaken. 
Structures in the U.S. are now at risk for internal erosion because karst hydrogeology was 
not sufficiently considered in the original design and construction (Henn 2011).  
Major misconceptions of site conditions, based on mathematical models or 
geological techniques not well suited for studying the karst settings to which they have 
been applied have led to inadequate dam design and consequently significant water loss 
(Milanovic et al. 2010). Mohammadi et al. (2007, 1053) argued that conventional 
methods such as “geological mapping, geomorphology, and extensive boring” are often 
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not sufficient to fully characterize the hydrology in karst areas. In general, karst 
researchers agree that boreholes, or monitoring wells, are not the preferred method for 
studying a karst aquifer. Quinlan and Ewers (1985) suggested that since most karst 
groundwater flow occurs in discrete conduits rather than in diffuse flow, as observed in 
other types of aquifers, borehole monitoring will not represent the aquifer correctly. 
Mohammadi and Raeisi (2007) supported this stating while boreholes can assist in 
evaluating deeper karst zones; these are most often only representative of the immediate 
area of the boring.   However, potentiometric surface mapping based on piezometer and 
well data has been successfully used in karst settings to assist with interpreting dye-trace 
results, defining groundwater- basin boundaries, understanding the influence of confining 
layers and/or perched aquifers, and, most importantly, determining groundwater flow 
direction (Thrailkill 1985; Quinlan 1989). The best approach is to choose from the range 
of available methods and data to provide a comprehensive evaluation of a study area.  
The inability to characterize the distribution of rock defects, without excavation, 
is a general problem in engineering and even more so with hydrotechnical structures 
(Varga 1979). While karst landscapes typically have varied and obvious surface features, 
subsurface features are unpredictable and, unfortunately, are difficult to detect.  In some 
cases, surface expressions of karst may be absent even though karst is prevalent (Bonacci 
and Rubinić 2009).  Geologic mapping is commonly used to understand where rock 
defects might occur and to assess potential leakage zones at dams.  This is often not as 
effective in karst areas compared to porous-media aquifers due to the heterogeneity of 
groundwater flow paths in solutionally enlarged bedding planes, fractures, joints, and 
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conduits (Mohammadi and Raeisi 2007).  Commonly, uncertainties introduced due to 
study techniques and the inherent nature of karst makes assessment difficult. 
In addition to using geologic mapping, boreholes, and piezometer data, 
groundwater tracing is utilized to understand groundwater movement in a variety of 
settings (Kass 1998, 387-517) and is extremely useful in understanding local and regional 
karst hydrology. Fluorescent dye tracing is the best method available for determining 
groundwater flow direction and velocity in karst aquifers (Aley 2002; Mohammadi et al. 
2007) and has successfully characterized local flow regimes and identified leakage at 
dams (Zotl 1977; Crawford et al. 2005; Mohammadi et al. 2007; Milanovic et al. 2010).   
In studying the karst hydrology at a dam site the goal is to gain a more detailed 
assessment of the subsurface drainage network. While dye tracing identifies point to 
point hydrologic contacts, exact flow paths cannot be known. The best approach is to 
conduct several tracer tests to have a more detailed view of the system (Jones 1984). 
Dye- tracer test results are influenced by the design of the test and as Mohammadi and 
Raeisi (2007) pointed out, can be problematic and create uncertainties if all parameters 
(injection location, monitoring location, dilution, and other factors) are not carefully 
considered. Unless boreholes are known to intersect the active conduit system, their use 
should be limited in dye-tracing applications as sampling locations. Even considering 
these limitations, dye tracing can be an important tool in studying hydrologic conditions 
of a karst dam site (Zotl 1977).  
Identifying potentially harmful seepage pathways at dams with fluorescent dye 
tracing, supported by potentiometric surface mapping and spring hydrograph analysis, 
can help to better describe the local hydrology and better assess the effects of leakage and 
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possible erosion leading to potential dam failure. Once these issues are understood, dam 
managers can be in a better position to assess how much risk is caused by the karst 
environment, focus more expensive and intrusive investigations (such as subsurface 
drilling) of risk, and prioritize remediation funds appropriately to address risk.   
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Chapter 2: Study Area 
Background 
Patoka Dam is located in southern Indiana northeast of Jasper (population 
~15,000), in Dubois County, Indiana. The dam was constructed in the Patoka River 
valley between 1972 and 1978 for flood reduction, water-supply storage, and recreation 
and is cooperatively managed by the USACE and the Indiana Department of Natural 
Resources.  The dam impounds the upper reaches of the Patoka River, a tributary of the 
Wabash River, creating Patoka Lake which covers approximately 8,800 acres and 
encompasses four state recreation areas (USACE 2005).  
Patoka Dam consists of three main areas necessary for impoundment of the lake 
and continued operation as a flood reduction structure: the main dam, the spillway, and 
the dike (Figure 1). A concrete cut-off wall and grout curtain were also installed during 
construction to address groundwater leakage (Figure 1). The main dam is an earth and 
rock filled structure with a maximum height of 84 feet (USACE 2005). The dike at 
Patoka Dam is just as important to impoundment as the main structure since they were 
both constructed at the same elevation, meaning if the dike were to fail the consequences 
would be similar to dam failure in the amount of water released.  While both the dam and 
dike were constructed using similar methods, which at the time were state-of-the-art, the 
principle difference between the structures is that the dam has the infrastructure to control 
water release. The uncontrolled spillway functions in flood conditions as an additional 
outlet for water release. These structures as well as Robert Hall Cave Spring (RHCS) are 
shown below in Figure 1. 
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Figure 1. Aerial view of study area. 
 
Physiography 
Patoka Dam is located in the Southern Hills and Lowlands physiographic region 
of south-central Indiana and more specifically the Crawford Upland, on the eastern 
border of the Illinois Basin (Thornbury 1950; Hasenmueller et al. 2011). This area is 
characterized by gently rolling hills and terraced slopes due to heterogeneous, 
interbedded sedimentary rocks that exhibit varying degrees of resistance to erosion and/or 
dissolution (Bartlett 1983). In this region, it is common to find locally isolated bedrock 
hills (knobs) surrounded by alluvial deposits. These knobs are the cores of ancient 
RHCS 
Spillway  
Main Dam  
Dike  
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meanders of the Patoka River that have since been cut-off due to the migration of the 
river channel; one such knob forms the left abutment of the dam (Bartlett 1983).  
 Prior to and during the early Pleistocene (1.6-2.0 million years before present), 
the Patoka River deeply entrenched the Mississippian-age rocks and drained to the East 
Fork of the White River (Bartlett 1983). During subsequent glacial cycles, river drainage 
was blocked by the southwestern lobe of the Illinoian ice sheet and a lake was formed in 
the Patoka River Valley, leaving fine-grained lacustrine deposits in the valley where the 
dike is now constructed (Thornbury 1950; Bartlett 1983). Upon glacial retreat, the Patoka 
River established a new channel in the valley were the dam is now constructed (Bartlett 
1983).  Historic drainage in the direction of the valley where the dike is now constructed 
may help explain why this area exhibits more erosion and dissolution of the Glen Dean 
Limestone compared to the current location of the dam and the Patoka River channel. 
 
Local Stratigraphy 
The Crawford Upland is characterized by alternating units of limestone, 
sandstone, and shale of the Chesterian Series of the Mississippian System. The dam was 
constructed almost entirely in the Stephensport Group, which consists of the following 
stratigraphic units in ascending order: Beech Creek Limestone, Big Clifty Sandstone, 
Golconda (Haney) Limestone, Hardinsburg Formation, and the Glen Dean Limestone 
(Figure 2) (Bartlett 1983).   The Mansfield Formation, which overlies the Stephensport 
Group and forms the base of the Pennsylvanian System,  is also present in the immediate 
vicinity of the dam and acts as a resistant sandstone cap on the ridges between the dam 
and dike (Bartlett 1983; Hasenmueller et al. 2011).   
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 Figure 2. Generalized geologic column of study area. Source: Bartlett (1983). 
 
The regional dip of the Mississippian units and the overlying Pennsylvanian units 
is approximately 0.5º west with slight local variations (Bartlett 1983). The Mississippian-
Pennsylvanian contact exhibits a disconformity across the study area as erosion of the 
Glen Dean occurred before deposition of the Mansfield sandstone. Droste and Keller 
(1989, 10) defined this region of the pre-Pennsylvanian Chesterian surface as the 
Washington Slope described as “rolling countryside of cuesta configurations” where the 
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Stephensport Group was exposed to subaerial erosion. It is estimated that this area 
experienced up to three million years of erosion prior to the deposition of the Mansfield 
sandstone (Droste and Keller 1989).   There are no known regional faults in this area of 
the Crawford Upland and faulting was not discovered during dam construction (Bartlett 
1983). Bartlett (1983) did describe well-developed, right-angle jointing patterns in the 
Mississippian limestone units that are nearly vertical, with variable spacing of three to 
twenty feet, and which generally trend north-south and east-west with less developed 
jointing in the sandstone units.  
 
Karst Hydrology 
The layered, heterogeneous rocks that underlie the study area include 
Mississippian limestones, previously described, which have experienced karst 
development at varying amounts and intensity of dissolution depending upon local 
structure and stratigraphy. The study site is characterized by alternating units of 
limestone, sandstone, and shale. The sandstone and shale can behave like perching layers 
that can influence karst development within the carbonate rock units of the Beech Creek, 
Golconda, and Glen Dean limestones. This is observed in the development of RHCS 
(Figures 3 - 5). The cave lies northwest of the main dam and appears to be the most 
significant resurgence feature for groundwater in the local vicinity.  The cave’s geometry 
is influenced by a series of north-south joints and the bedding-plane contact of the Glen 
Dean Limestone and Hardinsburg shale. During this study, an updated map, completed 
by members of the Central Indiana Grotto of the National Speleological Society in 1999, 
was identified and provided to the USACE. A previous map showed the cave’s length at 
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approximately 160 feet (Figure 4). The 1999 map (Figure 5) shows the mapped extent at 
1,047 feet with continuing passage.  The entire cave passage is described as an active 
stream channel (Adler 2008).  
Groundwater flow in the vicinity of the dam appears to be in a north to northeast 
direction from the lake towards RHCS and from there into the Patoka River.  Previous 
dye traces conducted during construction in 1977 and when a sinkhole formed in the 
spillway in 1996 confirm a connection to RHCS. Well and piezometer data from 
exploratory investigations prior to construction as well as anecdotal evidence during 
construction support this finding (Bartlett 1983). 
 
Figure 3. Photo of Robert Hall Cave Spring 
Source: Henn (personal communication 2012). 
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Figure 4. 1983 map of Robert Hall Cave. Source: Bartlett (1983). 
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Figure 5. 1999 map of Robert Hall Cave. Source: Adler (2008). 
 
Circled numbers represent ceiling height (ft). 
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Dam Construction  
In the study area, the three stratigraphic units within which karst features may 
have developed, and thus the most probable areas of seepage, are the Beech Creek 
Limestone, Golconda Limestone, and the Glen Dean Limestone.  The last of these is of 
the greatest concern as it is present in the foundations of the dam, spillway, and dike 
structures (Figure 6).  While significant voids and rock defects were encountered during 
spillway construction, sinkhole development has continued post-construction as the 
Mansfield sandstone that originally slowed recharge into the Glen Dean was removed 
during construction. Several large paleocollapse features are also present on the ridges 
between the dam and dike. This would indicate groundwater flow in the limestone layers 
below the sandstone cap rock significant enough to carry sediment and allow for 
subsidence.   
 
 
Figure 6. Generalized dike, spillway and dam profile (vertical lines represent grout 
curtain borings). Sources: Bartlett (1983). 
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During construction of the main dam, considerable effort was given to the 
treatment of rock defects including dissolution features, joints, and bedding planes, in all 
limestone layers at the foundation and abutments of the dam. According to the foundation 
report, the treatment of rock defects at the dike was not as robust, creating a greater 
potential for leakage pathways to form and increase the probability of migration of soils 
and/or sediment from the dike area.   Based on this information and previous dye traces 
in the spillway, the present study focused dye-tracing efforts in the immediate vicinity of 
the dike.  Another factor contributing to the focus on the dike structure is the type of 
materials used in the embankment fill. As sandstone was readily available at this location, 
it was used for the dike fill material. Unfortunately, during this process it was pulverized 
and thus the unconsolidated material may be more easily eroded, increasing the risk for 
migration when compared to other sediment and potentially jeopardizing the dike’s 
impervious clay core.  
Due to the large amount of rock defects, voids, and groundwater encountered 
during the construction of the dam and the dike, a grout curtain in the ridge between the 
spillway and the dike was added to the construction design (Figure 1).  This involves 
using a cement-like mixture that is pumped underground through boreholes under 
pressure in an attempt to fill in voids and spaces and decrease permeability. As 
construction progressed, the ineffectiveness of grouting became evident and a concrete 
cut-off wall was constructed between the spillway and dike (Figure 7). Numerous voids, 
collapse structures, mud seams, and isolated blocks of the Glen Dean Limestone 
complicated the cut-off wall construction.  One weak point identified by engineers is the 
area where the cut-off wall meets a concrete abutment called the ‘fillet’, constructed to 
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address a large solution feature, rather than the dike structure proper (Figure 7).  
Additional grouting was completed in 1999 between the dam and the spillway in 
response to sinkhole development in the spillway that occurred during a high pool event 
in 1996.  
 
Figure 7. Location of ‘fillet’, concrete cut-off wall, grout curtain, and dike. 
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Chapter 3: Methodology 
Fluorescent Dye Tracing 
The procedures explained herein are commonly accepted and extensively used in 
fluorescent dye tracing and adhere to the Karst Groundwater Investigation Procedures of 
the Crawford Hydrology Laboratory (CHL 2013).  The fluorescent dye-tracing effort at 
Patoka Dam consisted of a literature review, field survey for the karst hydrogeologic 
inventory (KHI), dye receptor placements and retrievals, background fluorescence study, 
dye injections, post-dye injection monitoring, and analysis. All procedures and sampling 
were completed in compliance with USACE, State of Indiana, and local regulations.  
The KHI, which included desk and field components, was completed in the spring 
of 2013 and consisted of identifying springs, seeps, pertinent karst features, surface 
streams, and man-made features associated with the identified study area. Each feature 
was given a name and a unique inventory number, its global position was recorded, and 
was photographed and sketched to complete the inventory record.  Also during the KHI, a 
receptor was placed directly into each spring or stream location and anchored with a 
weight to keep the receptor in place until the next exchange event. Dye receptors were 
placed at Patoka Pond Spring, RHCS, Patoka River Upstream, and Patoka River 
Downstream (Figure 8, Table 1) during Phase I.  Monitoring stations were expanded to 
include the Spillway Stream, Eastern Pond, and Bailey Creek during Phase II and 
Wagner Spring and Patoka Lake were added prior to Phase III dye injections.  
Background fluorescence monitoring was conducted prior to dye injection to 
establish baseline conditions.  Background fluorescence monitoring involves the 
monitoring of springs, seeps, and streams in the study area for background concentrations 
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of fluorescent substances including dye from previous dye traces, man-made substances, 
and/or natural interference. The results of the background monitoring were used to 
determine the appropriate type and amount of fluorescent dye used during the 
groundwater tracer tests. 
 
 
Figure 8. Dye-trace monitoring locations. 
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Feature Number Feature Name 
002 Patoka Pond Spring 
003 Robert Hall Cave Spring 
004 Patoka River Upstream 
005 Patoka River Downstream 
006 Spillway Stream 
007 Eastern Pond 
008 Bailey Creek 
009 Wagner Spring 
010 Patoka Lake 
 
Table 1. Monitoring location feature numbers and names. 
 
Three phases of dye tracing that included a total of ten dye injections were 
conducted. According to USACE, the treatment of rock defects at the dike was not as 
robust compared to the dam, creating a greater potential for leakage pathways to form 
and allow the migration of soils or sediment away from the dike, and therefore dye- 
injection locations were focused in this area (Figure 9). This map also shows the 1977 
and 1996 dye-injection locations for traces conducted prior to this study.  
The first phase of three dye injections took place on April 25, 2013. Five pounds 
of Fluorescein were injected into the Western Soil Pit (Figure 9), which was excavated by 
backhoe to approximately nine feet below grade to the west of the dike, just east of 
Cuzco Road near the dike access road.  Seven pounds of Eosine were injected into the 
Lakeside Soil Pit which was excavated to approximately six feet below grade and located 
upstream from the cut-off wall between the spillway and dike (Figure 9).  Seven pounds 
of Sulphorhodamine B were injected into the Ridgeline Soil Pit which was located on the 
ridge between the spillway and the dike but on the downstream side of the cut-off wall 
(Figure 9). All dyes were pre-mixed at a ratio of one pound of dye to one gallon of water. 
All injection points were primed with approximately 70 gallons of water and flushed after 
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the introduction of the dyes with 140 gallons of water. The Fluorescein and flush water 
infiltrated and drained from the Western Soil Pit within approximately 25 minutes of 
injection.  The Lakeside Soil Pit took almost one week to empty as heavy rains occurred 
in the days following the dye injection. The Sulphorhodamine B injection was considered 
unsuccessful as the Ridgeline Soil Pit filled with rain water during heavy precipitation 
events and did not empty. The pit was back-filled on May 1, 2013. 
 
 
Figure 9. Dye-injection locations, 1977-2014. 
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The second phase included four dye injections on July 2, 2013, and incorporated 
two of the previously used injection locations. Eosine was once again injected in the 
Lakeside Soil Pit (Figure 9) so dye travel time could be determined using water sampling 
at RHCS via an ISCO Automatic Water Sampler. Four pounds of dye were injected into 
the soil pit and flushed with approximately 260 gallons of water. Five pounds of Tinopal 
were injected in the Western Soil Pit for a duplicate trace as Fluorescein was not 
recovered during the first phase of investigation.  The Western Soil Pit was primed with 
approximately 20 gallons of water and flushed with approximately 180 gallons which 
once again rapidly infiltrated into the soil.   Two new injection locations, Well Point 2 
and Well Point 3, located on the downstream dike embankment (Figure 9) were used for 
Rhodamine WT and Fluorescein injections, respectively. Well Point 2 was flushed with 
25 gallons of water after injection of twenty pounds of Rhodamine WT and Well Point 3 
with 20 gallons of water after injection of ten pounds of Fluorescein. Well Point 2 is 40 
feet deep with a three-foot screened interval at the bottom of the Glen Dean Limestone 
and into the Hardinsburg shale at approximately 37 feet below surface level. Well Point 3 
is 33.5 feet deep with a three-foot screened interval almost completely in the Glen Dean 
at 31 feet below surface level. Both of these wells, although screened in the Glen Dean 
Limestone, took less than one gallon per minute during capacity testing but were used 
due to the lack of other injection features on and in the vicinity of the dike. Post-injection 
monitoring was conducted for twelve months to account for possible laminar flow within 
the formation.  
The third and final phase was conducted in July 2014 and included three dye 
injections. Four pounds of Eosine were once again injected in the Lakeside Soil Pit so 
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quantitative sampling with an automatic water sampler at RHCS could be conducted for a 
longer period of time than during the 2013 trace. Five pounds of Fluorescein were 
injected in the Western Soil Pit for a duplicate trace as previous dye injections at this 
location did not result in dye recovery.  Six pounds of Sulphorhodamine B were injected 
into a third and new soil pit, Dike Soil Pit, located on the upstream toe of the dike (Figure 
9), west of the end of the cut-off wall and the “fillet”, a rock defect treatment structure at 
the east abutment of the dike (Figure 7). The soil pit was excavated to approximately five 
feet below grade where the Mansfield sandstone halted excavation efforts.   
 
Figure 10. Fluorescein dye injection into Western Soil Pit on July 2, 2014. 
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Qualitative Data Collection 
Charcoal dye receptors were deployed initially at four monitoring locations for 
Phase I background fluorescence monitoring (Patoka Pond Spring, RHCS, Patoka River 
Upstream, and Patoka River Downstream, Figure 8). After review of the Phase I tracer 
test results, monitoring locations for Phase II and III traces were expanded to a total of 
nine locations (Table 1) for post-injection monitoring. Background dye receptors were 
placed and then retrieved after a period of seven days. Post-injection receptors were 
collected on daily, weekly, and/or monthly intervals as determined by ongoing results and 
results of prior dye tracer tests. Phase I monitoring was conducted for two months, Phase 
II monitoring was conducted for 12 months post-injection, and Phase III monitoring was 
conducted for eight months post-injection.  The receptors consisted of small packets 
constructed of fiberglass screen mesh filled with activated coconut charcoal. The 
receptors were secured in the main flow of the stream or resurgence point using a system 
of clips and weights attached to nylon twine.  In some small springs or streams, the 
channel was altered by moving rocks or by other means in order to maximize flow past 
the receptor.  Upon retrieval, each background dye receptor was rinsed in the water 
source within which it had been deployed to remove excess sediment, placed in a clearly 
labeled and sealed plastic bag, and stored in the dark to reduce exposure to sunlight. 
Water samples were also collected upon receptor retrieval into borosilicate glass vials and 
stored with receptors. CHL and USACE personnel completed all dye receptor exchanges. 
Upon receipt by CHL, all receptor and grab samples were refrigerated until processing 
and/or analysis.  The receptors were prepared in accordance with CHL procedures and 
analyzed for the presence of dye. 
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Quantitative Data Collection 
Once a hydrologic connection between the Lakeside Soil Pit and RHCS was 
confirmed in Phase I, duplicate tracer tests were conducted in 2013 and 2014 to establish 
dye travel time and to better describe flow characteristics. An ISCO Automatic Water 
Sampler was used to collect water samples at RHCS. The sampling intervals ranged from 
one to eight hours, depending on field conditions, and lasted one to four weeks. Water 
samples were transferred to labeled glass vials in the field and transported in a cooler to 
the CHL. All grab samples were refrigerated until analysis and processed in accordance 
with CHL standard procedures. 
 
Analytical Methodology 
Analysis of charcoal and water samples was conducted using a Shimadzu RF 
5301 Scanning Spectrofluorphotometer. The following criteria were used for 
determination of a positive trace to a monitoring location:  
 The fluorescent dyes were distinguished from one another based on their unique 
emission wavelength. 
 The concentration was a minimum of ten times background levels or the practical 
quantitation limit (PQL) for that dye. 
 The dye curve emission wavelength peak center was within five nanometers of 
the standard peak center for that dye. 
 The curve was a characteristic, symmetrical dye peak. 
 Two consecutive samples met the above criteria.  
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Though the interpretation of the charcoal receptor results does involve 
examination of quantitative data of the dye intensity and emission wavelengths, the 
primary data collected from charcoal receptors are qualitative in that they were used to 
establish point to point connections between the dye injection locations and monitoring 
locations and to outline the recharge area of RHCS. In contrast, quantitative tracing using 
water samples allowed for calculation of dye travel times and interpretation of flow 
routes and conduit conditions. Results were recorded in a Microsoft Excel spreadsheet 
and sample concentrations reported in parts per billion (ppb).  
 
Potentiometric Surface Mapping 
 A potentiometric surface map of the study area was created using ESRI 
Geographic Information System software, ArcGIS, and was based on water-level 
elevations from twenty-two piezometers (PZ) and well points (WP) that monitor 
groundwater levels within the Glen Dean Limestone (Figure 11).  The data were plotted 
and the potentiometric surface created by manually contouring lines of equal elevation 
via visual interpolation.  Contours are based on water-level data from July 2014 when the 
most recent dye traces were completed. The only exception is Well Point 2 where the pre-
dye injection water-table elevation from June 2013 was used because dye and flush water 
injected into the well during the July 2013 traces created artificially high water levels for 
the duration of the study.  Changes in the position of the potentiometric surface as it is 
influenced by lake pool elevation was also explored by plotting water-level data at the 
highest and the lowest pool elevations observed during the study period that coincide 
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with piezometer and well point water elevation measurements. The elevation differences 
were then plotted to show the change in potentiometric surface across the study area.  
 
 
Figure 11. Piezometer and well locations (shown as yellow circles) used in 
potentiometric surface mapping. Source of data: USACE. 
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Isopach Mapping  
An isopach map was contoured to illustrate the vertical thickness of the Glen 
Dean Limestone across the study area using ArcGIS and was based on elevations from 
construction well logs provided by the USACE. Forty of the sixty-six well logs reported 
top and bottom elevation of the Glen Dean Limestone or expressed the absence of the 
Glen Dean.  Interpretive contouring, guided by previous geologic mapping and control 
points of known thickness, was used to guide drawing of contours across the study area. 
 
 
Figure 12. Piezometer and well locations (shown as yellow circles) used in isopach 
mapping. Source of data: USACE. 
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Spring Hydrograph Analysis 
In order to calculate mean dye travel times and describe potential relationships 
between lake pool elevation, precipitation, and RHCS discharge, continuous water-level 
measurements were taken at a fully contracted, 90º v-notch weir installed at RHCS via an 
Onset Hobo Water Level datalogger (Figure 13). A second Onset Hobo datalogger was 
deployed onsite to record absolute pressure for barometric pressure compensation of 
water-level data at the spring.  Data from both dataloggers were downloaded using 
HoboPro software. A water-level reference reading was taken at the time of each 
download from a staff gage installed at the weir. HoboPro software incorporated the 
water-level reference and barometric pressure compensation to report pressure readings 
as water levels.  Raw data were exported into a Sigma Plot 11.0 spreadsheet where 
transforms were used to calculate discharge based on water-level readings. If water levels 
were 0.76 feet or below, the equation  
 
                                                     Q=1113.2h 2.48                                                                 (1) 
 
was used to calculate discharge, where Q = discharge in gallons per minute and h = static 
head or water depth above the v-notch in tenths of feet. If water levels were above 0.76 
feet, the relationship 
 
                                                       Q=6300h1.5                                                                       (2) 
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was applied to the amount of the water-level reading above 0.76 feet, and then the results 
from both equations were summed to calculate total discharge. The equations were 
provided by the USACE. The values shown in the equations are discharge coefficients. 
Water-level readings at or below 0.76 feet represent flow within the v-notch and water- 
level readings above 0.76 feet represent flow occurring above the v-notch in the 
rectangular section of the weir (Figure 13). Discharge was converted to cubic feet per 
second in Sigma Plot.  
 
 
Figure 13. Wier at RHCS.  Source: Photo by the author. 
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The discharge data for July 2014 were used to calculate mean travel time and dye- 
mass recovery at Robert Hall Cave Spring based on quantitative dye-trace results using 
the methodology outlined by Palmer (2007, 88-112). Dye-mass recovery is determined 
by multiplying the dye concentration in grams per liter of each water sample by discharge 
in liters per second at the time the sample was collected, multiplied by the sample interval 
in seconds. This calculation results in grams of dye per sample. The amount for each 
interval is then summed for the total dye-mass recovery. The time interval at which the 
center of the dye mass arrived at RHCS was then used to calculate mean travel time. 
   Water-level data were graphed alongside daily pool elevation and local 
precipitation to visually explore relationships between these parameters. Review of low-
flow and high-flow discharge periods and spring response to precipitation also included 
the comparison of precipitation data to potential evapotranspiration (PET) calculated 
using the Thornwaite method (Palmer and Vaughn Havens 1958). Average monthly air 
temperature data from the nearest weather station in Huntingburg, Indiana (The Weather 
Channel 2015) and latitude of the study area were entered into an online calculator to 
determine PET in centimeters (Ponce 2015). Results were then entered into a Microsoft 
Excel spreadsheet and the difference between average monthly precipitation provided by 
USACE and PET was calculated. 
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Chapter 4: Results and Conclusions 
Phase I Dye-Trace Results 
Background monitoring revealed low level fluorescence in the range of 
Fluorescein at the RHCS. Background fluorescence was not detected at Patoka Pond 
Spring, Patoka River Upstream, or Patoka River Downstream (Figure 8). Based on these 
results, characteristics of the dyes themselves, and the locations of injection features, 
Fluorescein, Eosine, and Sulphorhodamine B were chosen for Phase I traces.  
 Seven pounds of Eosine were injected into the Lakeside Soil Pit (Figure 9) on 
April 25, 2013.  The pit was located on the upstream side of the subsurface cut-off wall 
that extends from the spillway to the dike (Figure 1). Eosine was initially detected at the 
RHCS charcoal receptor on April 29, 2013 (Figure 14), four days post-injection, even 
though the full amount of dye and flush water had not completely infiltrated the soil pit 
until sometime on May 1, 2013. Eosine concentrations peaked on May 8, 2013, thirteen 
days post-injection. After resurging at RHCS, dye then traveled via surface channels and 
was first recovered at Patoka River Downstream on May 1, 2013, six days after injection. 
Eosine continued to be detected at both locations for the duration of Phase I monitoring 
which ended on July 2, 2013.  The estimated dye travel time based on charcoal results at 
four days post-injection and a straight-line distance of 2,892 feet from the injection 
location to RHCS is approximately 30 feet per hour.  However, as charcoal is a passive 
and cumulative receptor, the exact time of dye arrival cannot be known.  
Fluorescein was not detected at any monitoring location despite the rapid 
infiltration of five pounds of dye and 210 gallons of water into the Western Soil Pit at 
time of injection (Figure 9). Subsequent tracing revealed that groundwater was traveling 
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from this location to Patoka Pond Spring and potentially Wagner Spring, which was not 
known or being monitored at the time of this tracing experiment (Figure 8). It is assumed 
that the additional flush water and increased precipitation prior to dye injections created 
more favorable conditions for dye recovery in the Phase III traces. The Sulphorhodamine 
B injection was deemed unsuccessful due to lack of infiltration of dye and flush water 
five days post-injection into the Ridgeline Soil Pit (Figure 9) and was not recovered 
during Phase I monitoring. 
 
Phase II Dye-Trace Results 
 Phase II dye injections took place on July 2, 2013. The first of these tracer tests 
was a repeat of the April Eosine trace with dye injected to the Lakeside Soil Pit (Figure 
9) so that quantitative water sampling could be conducted at RHCS for more precise time 
of travel information.  High background fluorescence from Eosine was observed at 
RHCS in July as the dye from the April traces was still traveling through the system.  As 
Eosine concentrations did not decrease to below the detection limit between Phase I and 
Phase II dye injections, initial detection of Eosine at RHCS cannot be determined via 
charcoal receptors for this trace. However, the Eosine concentration did increase above 
the background concentration by the July 8 charcoal sample, six days post-injection, and 
doubled in the July 17 charcoal sample, fifteen days after injection (Figure 14). 
 Rhodamine WT and Fluorescein, injected into Well Point 2 and Well Point 3 
(Figure 9), respectively during Phase II, were not detected at any monitoring location for 
twelve months  after injection. Most likely, Rhodamine WT and Fluorescein dyes are 
either stranded in the injection wells or are traveling through the diffuse flow portions of 
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the aquifer too slowly to be detected. Tinopal injected in the Western Soil Pit (Figure 9) 
was also not recovered at any monitoring location. The lack of recovery of these dyes 
does not affect conclusions drawn from the successful Eosine recovery at RHCS. 
In addition to collecting charcoal receptors, water sampling was conducted with 
an ISCO Automatic Water Sampler (subsequently referred to as the ISCO) at Robert Hall 
Cave Spring from July 2 to July 7, 2013, in order to calculate dye travel time between the 
injection location and the spring. Water samples were collected hourly for the first 24 
hours and then every four hours for the next five days. As background concentrations 
were elevated from the April trace, it was 56 hours post-injection before Eosine 
concentrations reached three times pre-injection background concentrations indicating an 
approximate dye travel time of 52 feet per hour.  Concentrations steadily increased until 
sampling concluded on July 7 (Figure 15).    
Eosine concentrations appear to continue increasing past the last sample collected 
by the ISCO at 11 am on July 7, 2013 (Figure 15). A grab sample collected on July 8 had 
an Eosine concentration of 14.480 ppb versus the July 7 sample of 13.044 ppb, which 
could indicate that the peak dye concentration had not been reached within the initially 
expected six-day sampling period. Charcoal results support this conclusion (Figure 14).  
As water sampling appears to have been concluded before the full dye breakthrough 
curve occurred, the time that the center of the dye mass reached RHCS and in turn the 
mean velocity cannot be determined from these results. 
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Figure 14. Phase I and II charcoal receptor results at RHCS.  
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Figure 15. Phase II water sample results at RHCS. 
 
Phase III Dye-Trace Results 
 On July 1, 2014, the third and final phase of dye injections was conducted.  
Background fluorescence for all monitoring locations was established by samples 
collected during Phase II monitoring.  Eosine was still present at RHCS at 0.100 ppb in 
the water sample and 75 ppb in the 24-hour charcoal receptor both collected the day 
before injection. No background fluorescence was observed for Fluorescein or 
Sulphorhodamine B at any of the monitoring locations (Figure 8).  
As expected, Eosine was detected at RHCS via charcoal receptor collected on 
July 8 and had reached ten times background concentrations in water samples within 86 
hours. Sulphorhodamine B was also recovered at RHCS via charcoal receptor on July 8. 
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Water samples show low-level background concentrations of Sulphorhodamine B as soon 
as 60 hours after injection and positive detection at 78.5 hours after injection. Based on 
initial dye recovery, dye travel time from the area of the injection locations to RHCS can 
be as rapid as 33 to 49 feet per hour.  The breakthrough curve for Eosine revealed 
multiple peaks with the highest concentration observed at 238 hours post injection 
(Figure 16). The Sulphorhodamine B breakthrough curve (Figure 17) exhibited a more 
typical dye breakthrough curve with a relatively quick increase to peak concentration 
within 232 hours and a long recession. Neither Eosine nor Sulphorhodamine B returned 
to background concentrations before sampling concluded on July 29th.  
While initial recovery of both dyes was within a few days, the center of the dye 
mass for Eosine and Sulphorhodamine B, which marks the mean travel time of the dye, 
arrived at RHCS at approximately 358 hours and 264.5 hours post-injection, respectively. 
Mean velocity based on these time periods is 11 feet per hour for the Sulphorhodamine B 
trace and 8 feet per hour for the Eosine trace. These calculations are based on a straight- 
line distances of 2,892 feet for the Eosine trace and 2,950 feet for the Sulphorhodamine B 
trace and discharge measurements taken at RHCS. Straight-line distances were 
determined via GIS mapping and represent the shortest possible flow path. Therefore, 
mean velocities probably represent slower rates than if true flow path distance was 
known.   
Fluorescein was recovered within 24 hours at Patoka Pond Spring, a spring-fed 
pond at the toe of the dike, for an estimated travel time of 56 feet per hour based on a 
straight-line distance of approximately 1,350 feet. Since a water sampler was not used at 
the Patoka Pond Spring exact arrival time and flow rates cannot be determined.  
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Fluorescein was also recovered within seven days at Wagner Spring to the northwest. 
Wagner Spring was not identified until partway through the study and was thus not 
initially a monitoring location, therefore background monitoring had not been conducted 
at this spring. Without baseline conditions, the Fluorescein trace to Wagner Spring cannot 
be confirmed as the results do not conform to CHL protocol (CHL 2013). However, 
based on the similar pattern of long-term recovery (July 2014-February 2015) of 
Fluorescein at Wagner Spring as seen in the Eosine traces at RHCS, it is likely that there 
is a connection to the injection location. Inferred groundwater flow paths from all three 
phases and prior traces are shown in Figure 18. 
   
 
Figure 16. Phase III Eosine results at RHCS. 
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Figure 17. Phase III Sulphorhodamine B results at RHCS. 
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Figure 18. Inferred groundwater flow paths from all traces. 
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Potentiometric Surface Map 
The potentiometric surface map indicates that groundwater is generally traveling 
from south to north from the lake toward the downstream part of the Patoka River, 
slightly perpendicular to the structural dip of the Glen Dean Limestone (Figure 19).  
However, there are a few points that do not fit within this trend.  Potentiometric surface 
elevations in PZ-101B, PZ-103A, PZ-104B, and WP-8 are higher than the observed lake 
pool elevation of 538.69 feet on July 10, 2014, and PZ-104A consistently shows lower 
elevation readings than points down gradient.  This is typical behavior for these wells 
according to Periodic Inspection Report No. 13 (USACE 2012). They are located in the 
ridge between the dam and spillway and are adjacent to the grout curtain which may have 
some influence on these wells locally.   
 
 
Figure 19. Potentiometric surface map of study area, July 2014.  
Robert Hall Cave 
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The maps also show higher hydraulic gradients between wells closest to the lake 
and subsurface water-control structures and a lower gradient through the central section 
of the study area. Based on the potentiometric surface elevations and cave survey vertical 
elevation difference, hydraulic gradient appears to increase again between the area near 
the end of the cave passage just north of the 515’ contour (Figure 19) and the spring.  
Variation of the potentiometric surface as it is influenced by lake pool elevation 
was also evaluated by calculating the differences between water-level data at each of the 
water-level monitoring locations from April 24, 2015, when the highest pool elevation of 
the study period, 543.80 feet, was observed and water-level data from February 4, 2015, 
when the lowest pool elevation of 532.32 feet was observed. The difference in pool 
elevation was 11.48 feet which resulted in a change of potentiometric surface ranging 
from zero to 10.80 feet in piezometer and well point water-level measurements. The 
piezometers and wells upstream from the grout curtain showed the greatest change in 
potentiometric surface elevation with all points downstream increasing zero to three feet 
with the exception of WP8 which exhibited a 6.9 foot increase (Figure 20). However, the 
data for WP8 could be in error due to possible instrument malfunction (USACE 2012).   
Piezometer 46A, which is west of the spillway and downstream of the cut-off wall and 
curtain drain, showed a greater response to change in pool elevation than the neighboring 
well points and piezometers, also downstream of those subsurface water control 
structures (Figure 20). PZ 46A also happens to lie in a straight line between the Eosine 
injection location and RHCS, and may be impacted by proximity to a main conduit 
leading to RCHS. 
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Figure 20. Differences in potentiometric surface measurements between highest and 
lowest pool elevations during the study period. Source of data: USACE (2012). 
 
Isopach Map of Glen Dean Limestone 
 The isopach map of the study area shows that the Glen Dean Limestone is 
thickest, 25-30 feet, in both ridges between the dam and the dike and thins towards the 
west until its erosional edge in the valley where the dike is now located (Figure 21). 
Paleogeologic maps of the region by Bristol and Howard (1971) show that during pre-
Pennsylvanian erosion, linear drainage patterns, oriented northeast-southwest, developed 
as the Chesterian Sea retreated to the interior of the Illinois Basin.  Droste and Keller 
(1995) also noted that the thickest deposits of the Stephensport Group, which includes the 
Glen Dean Limestone, are generally north-south oriented, both similar to pre-
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Pennsylvanian drainage patterns and the Wabash Valley Fault System to the southwest.   
This appears to be exhibited by the absence of the Glen Dean Limestone and the 
orientation of the paleovalley where the dike is now located, as well as in the existing 
Glen Dean ridges to the east.  The subsurface geometry of the Glen Dean Limestone 
seems to have been shaped by this ancient pre-Pennsylvanian erosional period that, in 
turn, affected surface topography, subsequently influencing both surface and groundwater 
drainage in the study area.   
 The variability of the thickness of the Glen Dean is also exhibited in the isopach 
map in the area just east of the right abutment of the dike (Figure 21). The foundation 
report describes the Glen Dean in this area, and the area of the dike in general, as 
extensively solutioned and pinnacled (Bartlett 1983). This observed irregularity of the 
Glen Dean in this area could be attributed to the varied and complicated geologic history 
of this region (Mississippian-Pennsylvanian unconformity and the Illinoian glacial 
influence) as well as past and present karst development locally.  Hazards such as 
dissolution and collapse features associated with karst development are more likely to 
occur where the Glen Dean Limestone is the thickest (Figure 21).  These phenomena 
were exposed during construction of the dike when a large void at the right abutment, 
consequently treated and named the ‘fillet’ (Figure 7), was discovered where the Glen 
Dean is approximately 20-25 feet thick. The foundation report (Bartlett 1983) and 
geophysical report  (Cooper and Bieganousky 1978)  both reference additional large 
voids and collapse features encountered in the areas of the spillway and concrete cut-off 
wall where, as shown in the isopach map in Figure 21, the Glen Dean is 20-30 feet thick. 
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Figure 21. Isopach map of Glen Dean Limestone 
 
Spring Hydrograph Analysis  
The spring hydrograph in general shows higher flow from April through mid-June 
2014 compared to the decreased water levels observed from July 2014 to February 2015 
(Figure 22).  Water levels then increased again in early March 2015 and discharge stayed 
above 0.20 cubic feet per second (cfs) for the duration of the monitoring period that 
ended May 11, 2015. In general, discharge remains above 0.25 cfs during the spring 
months, with occasional decreases to a minimum of 0.15 cfs, and then decreases to 
around 0.05 cfs during summer, fall, and winter with increases during rainfall events 
throughout the year.  
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Figure 22. Robert Hall Cave Spring hydrograph: April 2014-May 2015 
 
Spring response to precipitation appears to vary in amount with antecedent 
conditions as well as amount and duration of precipitation. Low flow from July to 
September was expected as potential evapotranspiration (PET) is greater than the average 
monthly precipitation in the study area during those months (Table 2) as calculated by the 
Thornwaite method (Ponce 2015) and most likely represents baseflow, the groundwater 
contribution to discharge, for RHCS.  
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Table 2. Difference in average monthly precipitation and potential evapotranspiration.  
Sources: USACE; Ponce (2015) 
 
 The spring hydrograph was examined to look for potential relationships between 
lake pool elevation and discharge at RHCS. As lake pool elevation is at times at or above 
the elevation of the Glen Dean and therefore the concrete cut-off wall, this relationship 
was explored to see if high pool events created increased discharge at RHCS.  During the 
high-flow periods of April-June 2014 and March-May 2015 described previously, lake 
pool elevation remained above 537 feet with the exception of the first four days of April 
2014. Likewise during the low-flow period of July 2014-February 2015 lake pool 
elevation remained below 537 feet. All increases in spring discharge correlate to a 
precipitation event with the exception of two instances, one on April 7, 2014, and the 
other on March 7, 2015, where spring discharge increased when no precipitation was 
Month/Year 
Average 
monthly air 
temperature 
(oC) 
Monthly 
precipitation 
(cm) PET 
Difference in  
precipitation and PET 
January 2014 -3.3 0.87 0 0.87 
February 2014 -2.2 2.59 0 2.59 
March 2014 4.4 3.18 1.193 1.987 
April 2014 13.8 20.98 6.146 14.834 
May 2014 18.8 19.15 10.134 9.016 
June 2014 23.8 9.95 14.473 -4.523 
July 2014 22.2 7.14 12.891 -5.751 
August 2014 22 9.14 12.031 -2.891 
September 2014 17.8 6.985 8.211 -1.226 
October 2014 12.2 14.3 4.442 9.858 
November 2014 3.8 6.95 0.829 6.121 
December 2014 3.3 8.08 0.646 7.434 
January 2015 -0.5 8.94 0 8.94 
February 2015 -4.4 4.9 0 4.9 
March 2015 6.1 16.21 1.767 14.443 
April 2015 13.8 24.86 6.018 18.842 
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observed. Though lake pool was increasing on both of these dates, the increases in pool 
elevation were minimal, 0.12 and 0.23 feet, and did not occur at the same elevation. 
There were numerous precipitation events during both high and low-flow periods that did 
not induce a response at RHCS as well. Precipitation events that result in no increase in 
discharge at the spring may occur due to relatively small rainfall events, conditions where 
evapotranspiration is high during the summer months, local variations in rainfall between 
the point of measurement (which is outside of the basin) and actual rainfall within the 
drainage basin, and/or spring discharge response within error limits of instrumentation 
(0.03 feet).  
 
Groundwater Basin Delineation 
 The likely pre-dam groundwater-basin boundary for Robert Hall Cave Spring 
(RHCS) is shown as a yellow dashed line in Figure 23.  This boundary was informed by 
geologic maps of the Glen Dean Limestone and the multiple tracer tests that show a 
groundwater divide in the area of the dike and represents where the basin boundary was 
located prior to impoundment of the lake. The boundary roughly follows the 535 foot 
topographic contour where it is estimated that the Glen Dean would outcrop on the 
hillside east of the dike, the original Patoka River valley wall. The boundary then follows 
the 545 foot contour on the ridge east of the spillway as the Glen Dean is dipping 
westward and would thus outcrop at a slightly higher elevation to the east.   The red 
dashed line represents the current, post-impoundment addition to the basin boundary 
(Figure 23). Since lake pool elevation is now at or above the elevation of the Glen Dean 
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Limestone, Patoka Lake is now considered within the drainage basin for RHCS, although 
the amount of contribution of lake water to the groundwater system is unknown. 
 
 
Figure 23. Map of groundwater-basin boundary.  
Source: Data adapted from Henn (personal communication 2014). 
 
Conclusions 
This study combined multiple hydrogeologic research methods to better 
understand groundwater hydrology and the impact of karst groundwater flow in the 
vicinity of Patoka Dam in support of the 2014 USACE dam safety risk assessment. The 
previous 2008 risk analysis identified potential failure modes, one of which was abutment 
seepage and piping failure of the dike (USACE 2014).  In response, this research focused 
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on describing and better quantifying the local subsurface hydrogeology so that potential 
soil and/or sediment migration from this area and therefore potential failure modes may 
be better understood.  
Utilizing potentiometric surface mapping and multiple fluorescent tracer tests, 
groundwater flow directions and velocities within the RHCS drainage basin were 
identified and confirm that groundwater is generally traveling north, with some amount 
bypassing subsurface hydraulic control structures to emerge at RHCS, the Dike Pond 
Spring, and/or Wagner Spring.  In addition, comparison and analysis of flow rates, dye 
breakthrough curves, and the RHCS hydrograph, have provided a clearer understanding 
of the local hydrogeology.  
Flow rates determined by initial dye arrival in charcoal samples at RHCS in all 
three phases of tracing appear much slower when compared to the 1996 dye trace (20-49 
feet per hour versus 518 feet per hour) that confirmed a connection between a sinkhole in 
the spillway and RHCS, though all are fast enough to suggest that solutionally enlarged 
flow paths in the Glen Dean Limestone influence groundwater flow. Factors that possibly 
contributed to the rapid groundwater movement observed during the 1996 trace include a 
pool elevation 8-11 feet higher than any observed during the most recent traces, the direct 
dye injection into a sinkhole collapse in the Glen Dean Limestone with potentially direct 
connection to conduits leading to RHCS, and/or an unimpeded flow path around the end 
of the concrete cut-off wall in the spillway as the grout curtain between the dam and the 
spillway was not constructed until 1999. Flow velocities from a specific injection point 
also depend on the detailed geometry of the smaller flow paths that the water and dye 
must traverse between the surface and the main conduit leading to RHCS. Dye from all 
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successful traces in 2013 and 2014 was injected into soil pits above or into the Mansfield 
sandstone. This comparison could potentially indicate that the intact Mansfield sandstone 
over most of the study area, with the exception of the spillway, along with the grout 
curtain and cut-off wall are inhibiting groundwater movement from the areas where the 
dye injections were completed at the lake pool elevations observed during the traces. If 
considering mean flow velocities, 8-11 feet per hour, the difference between the 1996 
spillway trace and traces completed in this study is even greater. Also to be considered is 
the fact that dye concentrations did not return to background levels during quantitative 
sampling and therefore mean travel times (based on arrival of the centroid of the dye 
breakthrough curve) could be even slower. Complicating this conclusion however is the 
fact that straight-line distances were used in all velocity calculations as exact flow path 
lengths are unknown but are almost certainly longer due to the likely circuitous geometry 
of the flow paths.  
Based on the comparison of Phase III Eosine and Sulphorhodamine B (SRB) 
breakthrough curves, calculated flow rates, and site geology, clearly a combination of 
diffuse and conduit flow are occurring within the drainage basin. The Phase III Eosine 
trace shows a multiple peak breakthrough curve while the SRB curve is a single peak 
with a long regression. The difference could be attributed simply to the location of 
injection features and possibly a more direct route from the SRB injection location than 
the Eosine location. Other hypotheses include 1) precipitation that occurred during 
monitoring contributed water to the EO flow path but not the SRB flow path, 2) multiple 
flow paths to RHCS from the Eosine injection location, 3) variability and thickness of the 
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Mansfield sandstone at the injection locations, and/or 3) the fact that Eosine from Phase 
II remained in the system and was flushed through during Phase III injections.   
The dye-trace results also confirmed a groundwater divide in the vicinity of the 
dike and allowed for an estimated drainage-basin boundary for the recharge area of 
RHCS.  Geologic mapping, which shows the absence of the Glen Dean Limestone 
downstream of the dike, provided information necessary for a more confident estimation 
of the RHCS recharge area which includes some amount of leakage from Patoka Lake 
through the subsurface control structures as discussed in the Results section of this paper.  
However, based on spring hydrograph analysis and potentiometric surface variability 
with pool elevation, it appears that the lake, though it influences flow direction and 
hydraulic gradient, is a minor contributor to the amount of flow at RHCS. In this case, the 
lake should be considered a secondary region of the drainage basin in that it is 
hydrologically connected to RHCS but drainage appears to be largely restrained by 
subsurface hydraulic control structures.   Also in support of this conclusion is that both 
dye traces performed in wells immediately downstream of the dike were not successful in 
that neither was recovered at any monitoring location in more than 12 months of post-
injection sampling. Fluorescein continued to be confined in Well Point 2, as water table 
elevations had not returned to pre-injection levels as of April 30, 2015.  Although Well 
Point 3, the RWT injection well, quickly returned to pre-injection water table elevations, 
it is assumed that the dye either traveled too slowly to be recovered during this study or 
was below detection limits by the time it reached monitoring locations. 
Water-level measurements recorded at RHCS appear to respond primarily to local 
precipitation events. However, since pool elevation increases with precipitation it is 
57 
 
difficult to distinguish exactly how pool elevation may be influencing flow conditions at 
RHCS.  There were only two exceptions where spring discharge increased with a rise in 
lake pool elevation when no precipitation was observed.  The increases in pool elevation 
were minimal, 0.12 and 0.23 feet, and did not occur at the same elevation.  These two 
occurrences could be due to variability of the precipitation across the study area 
compared to where the precipitation measurement was taken. Spring hydrograph data and 
potentiometric surface mapping appear to support minimal influence of lake pool 
elevation on RHCS. However, it is still unclear if lake pool elevation influences how the 
spring responds to precipitation events. Though the pool elevation did not reach flood 
stage of 548 feet during this study, there is historical evidence that high pool events 
impact flow conditions at RHCS (USACE 2012).   High pool events in 1996 and 2011, 
547.4’ and 549.7’ respectively, resulted in increased discharge and turbidity at RHCS. 
Increased discharge through bedrock conduits is of less concern than the source of the 
turbidity which among other sources could be the dike embankment.  
Overall results confirm that groundwater is bypassing subsurface hydraulic 
control structures, identify areas where flow paths are most likely, and quantify the rates 
at which this is occurring. In delineating the RHCS basin, with an important groundwater 
divide, reviewing potentiometric surface variability, and spring discharge as it relates to 
pool elevation, it could be concluded that groundwater flow in the vicinity of the dike is 
diffuse and/or minimal, and therefore the likelihood and extent of groundwater pathways 
may be decreased. However, it should be noted that karst landscapes are dynamic and all 
results should be viewed as a ‘snapshot in time’ rather than a description of a static 
system. The research as presented is intended to assist managers at Patoka Dam in 
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additional intrusive and expensive geologic investigations as well as increase certainty in 
the risk assessment of potential failure modes related to the karst environment in which 
the dam operates. 
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APPENDIX A 
 
 
Phase I and II Charcoal Receptor Results for RHCS and Patoka River Downstream 
 
 
Date Feature Name Result Concentration (ppb) Peak Center (nm) Comments 
04/08/13 Robert Hall Cave Spring ND       
04/15/13 Robert Hall Cave Spring ND       
04/29/13 Robert Hall Cave Spring +++ 2819.300 540.2 DILUTED 1:100 
05/01/13 Robert Hall Cave Spring +++ 8803.200 540.2 DILUTED 1:100 
05/08/13 Robert Hall Cave Spring +++ 10772.500 540.2 DILUTED 1:100 
05/17/13 Robert Hall Cave Spring +++ 6756.500 540.2 DILUTED 1:100 
06/13/13 Robert Hall Cave Spring +++ 15877.000 540.6 DILUTED 1:1000 
06/20/13 Robert Hall Cave Spring +++ 1910.000 540.4 DILUTED 1:100 
07/02/13 Robert Hall Cave Spring +++ 1799.600 540.6 DILUTED 1:100 
07/08/13 Robert Hall Cave Spring +++ 1954.200 540.8 DILUTED 1:100 
07/17/13 Robert Hall Cave Spring +++ 3613.500 540.8 DILUTED 1:100 
07/23/13 Robert Hall Cave Spring +++ 2921.400 540.6 DILUTED 1:100 
07/28/13 Robert Hall Cave Spring +++ 1039.100 540.8 DILUTED 1:100 
08/15/13 Robert Hall Cave Spring +++ 2294.100 540.8 DILUTED 1:100 
08/29/13 Robert Hall Cave Spring +++ 1417.100 540.6 DILUTED 1:100 
10/11/13 Robert Hall Cave Spring +++ 900.000 540.6 DILUTED 1:100 
11/14/13 Robert Hall Cave Spring +++ 281.425 541.0   
12/17/14 Robert Hall Cave Spring +++ 353.500 540.6 DILUTED 1:100 
01/12/14 Robert Hall Cave Spring +++ 150.688 541.2   
04/01/14 Robert Hall Cave Spring +++ 1666.500 541.0 DILUTED 1:100 
04/11/14 Robert Hall Cave Spring +++ 557.700 541.2 DILUTED 1:100 
05/08/14 Robert Hall Cave Spring +++ 1367.300 541.2 DILUTED 1:100 
04/08/13 Patoka River Downstream ND       
04/15/13 Patoka River Downstream ND       
05/01/13 Patoka River Downstream ++ 0.964 539.4   
05/17/13 Patoka River Downstream +++ 8.338 540.4   
06/13/13 Patoka River Downstream ++ 4.600 540.6   
06/20/13 Patoka River Downstream ++ 1.414 539.8   
07/02/13 Patoka River Downstream ++ 2.499 540.2   
07/08/13 Patoka River Downstream ++ 4.521 540.6   
07/17/13 Patoka River Downstream ++ 1.238 540.0   
07/23/13 Patoka River Downstream + 0.497 539.2   
07/28/13 Patoka River Downstream ++ 0.765 539.4   
08/15/13 Patoka River Downstream + 0.424 538.0   
08/29/13 Patoka River Downstream + 0.438 538.2   
10/11/13 Patoka River Downstream + 0.383 538.8   
11/14/13 Patoka River Downstream ND       
12/17/14 Patoka River Downstream B 0.498 534.0,POR   
01/12/14 Patoka River Downstream B 0.508 533.0,POR   
04/01/14 Patoka River Downstream ++ 0.521 538.8   
05/08/14 Patoka River Downstream ++ 0.705 539.0   
  IB = Initial Background B = Background  + = Positive  ND=non-detect 
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APPENDIX B 
 
 
Phase II Water Sample Results at RHCS 
 
 
Date Time Hours post-injection Results Concentration(ppb) Peak Center(nm) 
07/02/13 1300 2 IB 3.886 535.0 
07/02/13 1400 3 B 3.907 535.2 
07/02/13 1500 4 B 4.173 534.0 
07/02/13 1600 5 B 4.161 534.0 
07/02/13 1700 6 B 4.296 535.2 
07/02/13 1800 7 B 4.473 535.0 
07/02/13 1900 8 B 4.544 535.0 
07/02/13 2000 9 B 4.322 531.6 
07/02/13 2100 10 B 4.747 535.2 
07/02/13 2200 11 B 4.859 535.0 
07/02/13 2300 12 B 4.924 535 
07/02/13 2400 13 B 4.991 535.0 
07/03/13 100 14 B 5.064 535.2 
07/03/13 200 15 B 5.159 535.0 
07/03/13 300 16 B 5.314 535.0 
07/03/13 400 17 B 5.333 535.0 
07/03/13 1100 24 B 5.719 535.0 
07/03/13 1500 28 B 7.123 535.2 
07/03/13 1900 32 B 7.380 535.2 
07/03/13 2300 36 B 7.446 535.2 
07/04/13 300 40 B 7.905 535.2 
07/04/13 700 44 B 8.209 535.2 
07/04/13 1100 48 B 8.479 535.2 
07/04/13 1500 52 B 8.802 535.0 
07/04/13 1900 56 + 9.433 535.2 
07/05/13 300 60 + 9.711 535.2 
07/05/13 700 64 + 9.931 535.2 
07/05/13 1100 68 + 9.989 535.2 
07/05/13 1500 72 + 10.080 535.2 
07/05/13 1900 76 + 10.093 535.2 
07/05/13 2300 80 + 9.917 535.2 
07/06/13 300 84 + 9.650 535.2 
07/06/13 700 88 + 10.048 535.2 
07/06/13 1100 92 + 10.630 535.2 
07/06/13 1500 96 + 10.863 535.2 
07/06/13 1900 100 + 11.221 535.2 
07/06/13 2300 104 + 11.690 535.2 
07/07/13 300 108 + 12.175 535.2 
07/07/13 700 112 + 12.792 535.2 
07/07/13 1100 116 + 13.044 535.4 
07/08/13 1200 130 + 14.480 535.2 
IB = Initial Background B = Background  + = Positive   
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APPENDIX C 
 
 
Phase III Charcoal Receptor Results 
 
 
    Fluorescein Eosine Sulphorhodamine B 
Date Feature Name Result Conc. (ppb) Result Conc. (ppb) Result Conc. (ppb) 
04/01/14 Patoka Pond Spring ND   ND   ND   
07/01/14 Patoka Pond Spring ND   ND   ND   
07/02/14 Patoka Pond Spring + 0.129 ND   ND   
07/08/14 Patoka Pond Spring ++ 0.757 ND   ND   
07/15/14 Patoka Pond Spring ND   ND   ND   
07/21/14 Patoka Pond Spring + 0.223 ND   ND   
07/29/14 Patoka Pond Spring + 0.223 ND   ND   
08/14/14 Patoka Pond Spring B 0.139 ND   ND   
07/01/14 RHCS ND   +++ 347.000 ND   
07/02/14 RHCS ND   +++ 75.185 ND   
07/08/14 RHCS ND   +++ 483.100 +++ 9.800 
07/15/14 RHCS ND   +++ 1026.900 +++ 96.318 
07/21/14 RHCS ND   +++ 547.000 +++ 44.304 
07/29/14 RHCS ND   +++ 708.900 +++ 147.400 
08/14/14 RHCS ND   +++ 658.900 +++ 109.800 
09/15/14 RHCS ND   +++ 727.100 +++ 81.700 
10/23/14 RHCS ND   +++ 556.300 ND   
12/10/14 RHCS ND   +++ 393.800 ND   
02/10/15 RHCS ND   +++ 423.279 ND   
04/17/15 RHCS ND   +++ 1188.300 ND   
06/13/14 Patoka River Upstream ND   ND   ND   
07/02/14 Patoka River Upstream ND   ND   ND   
07/08/14 Patoka River Upstream ND   ND   ND   
07/15/14 Patoka River Upstream ND   ND   ND   
07/21/14 Patoka River Upstream ND   ND   ND   
07/29/14 Patoka River Upstream ND   ND   ND   
08/14/14 Patoka River Upstream ND   ND   ND   
06/13/14 Patoka River Downstream ND   ND   ND   
07/02/14 Patoka River Downstream ND   ND   ND   
07/08/14 Patoka River Downstream ND   ND   ND   
07/15/14 Patoka River Downstream ND   ND   ND   
07/21/14 Patoka River Downstream ND   ND   ND   
07/29/14 Patoka River Downstream ND   ND   ND   
08/14/14 Patoka River Downstream ND   ND   ND   
09/15/14 Patoka River Downstream ND   ND   ND   
06/13/14 Spillway Stream ND   ND   ND   
07/01/14 Spillway Stream ND   ND   ND   
07/02/14 Spillway Stream ND   ND   ND   
07/08/14 Spillway Stream ND   ND   ND   
07/15/14 Spillway Stream ND   ND   ND   
07/21/14 Spillway Stream ND   ND   ND   
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    Fluorescein Eosine Sulphorhodamine B 
Date Feature Name Result Conc. (ppb) Result Conc. (ppb) Result Conc. (ppb) 
06/13/14 Eastern Pond ND   ND   ND   
07/01/14 Eastern Pond ND   ND   ND   
07/02/14 Eastern Pond ND   ND   ND   
07/08/14 Eastern Pond ND   ND   ND   
07/15/14 Eastern Pond ND   ND   ND   
06/13/14 Bailey Creek B 0.103 ND   ND   
07/01/14 Bailey Creek ND   ND   ND   
07/02/14 Bailey Creek +? 0.090 ND   ND   
07/08/14 Bailey Creek ND   ND   ND   
07/15/14 Bailey Creek ND   ND   ND   
07/21/14 Bailey Creek ND   ND   ND   
07/29/14 Bailey Creek ND   ND   ND   
08/14/14 Bailey Creek ND   ND   ND   
07/01/14 Wagner Spring IB 6.269 ND   ND   
07/02/14 Wagner Spring +? 2.757 ND   ND   
07/08/14 Wagner Spring +? 7.235 ND   ND   
07/15/14 Wagner Spring +? 7.956 ND   ND   
07/29/14 Wagner Spring +? 9.031 ND   ND   
08/14/14 Wagner Spring +? 9.727 ND   ND   
09/15/14 Wagner Spring +? 13.980 ND   ND   
10/23/14 Wagner Spring +? 23.437 ND   ND   
12/10/14 Wagner Spring +? 31.107 ND   ND   
02/10/15 Wagner Spring +? 38.054 ND   ND   
07/15/14 Patoka Lake ND   ND   ND   
07/21/14 Patoka Lake ND   ND   ND   
07/29/14 Patoka Lake ND   ND   ND   
08/14/14 Patoka Lake ND   ND   ND   
  IB = Initial Background B = Background  + = Positive ND = non-detect 
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APPENDIX D 
 
 
Phase III Water Sample Results at RHCS for Eosine and Sulphorhodamine B 
 
 
  
Time 
Eosine Sulphorhodamine B 
Date Result 
Conc. 
(ppb) Peak Center(nm) Result 
Conc. 
(ppb) Peak Center(nm) 
07/01/14 0750 B 1.128 535.4 ND     
07/01/14 1353 B 1.111 535.4 ND     
07/01/14 1953 B 0.796 535.4 ND     
07/02/14 0153 B 0.403 534.8 ND     
07/02/14 0753 B 0.555 535.0 ND     
07/02/14 1150 IB 0.100 534.0 ND     
07/02/14 1750 B 0.202 534.8 ND     
07/02/14 2350 B 0.190 534.8 ND     
07/03/14 550 B 0.216 534.8 ND     
07/03/14 1150 B 0.306 535.0 ND     
07/03/14 1750 B 0.442 535.2 ND     
07/03/14 2350 B 0.543 535.4 B 0.013 573.8 
07/04/14 550 B 0.723 535.6 B 0.021 577.8 
07/04/14 1150 B 0.862 535.6 B 0.033 579.4 
07/04/14 1750 B 0.924 535.6 + 0.243 579.2 
07/04/14 2350 + 1.041 535.6 + 0.100 580.6 
07/05/14 550 + 1.218 535.6 + 0.128 580.6 
07/05/14 1150 + 1.143 535.6 + 0.166 580.6 
07/05/14 1750 + 1.291 535.8 + 0.207 581.0 
07/05/14 2350 + 1.275 535.8 + 0.251 581.0 
07/06/14 550 + 1.097 535.8 + 0.285 581.0 
07/06/14 1150 + 1.099 535.8 + 0.299 580.8 
07/06/14 1750 B 0.946 535.8 + 0.352 580.8 
07/06/14 2350 B 0.906 536.0 + 0.374 580.8 
07/07/14 550 + 1.034 536.0 + 0.405 581.0 
07/07/14 1150 + 1.104 535.8 + 0.420 580.8 
07/07/14 1750 + 1.258 535.8 + 0.446 581.0 
07/07/14 2350 + 1.200 535.8 + 0.446 581.0 
07/08/14 550 + 1.225 536.0 + 0.472 580.8 
07/08/14 950 + 1.889 535.8 + 0.479 580.6 
07/08/14 1150 + 2.286 535.8 + 0.467 580.6 
07/08/14 1550 + 2.693 535.8 + 0.480 580.8 
07/08/14 1950 + 2.678 535.8 + 0.459 580.8 
07/08/14 2350 + 2.754 535.8 + 0.460 580.8 
07/09/14 350 + 3.218 535.8 ++ 0.511 580.6 
07/09/14 750 + 3.075 535.8 + 0.462 580.8 
07/09/14 1150 + 3.010 535.8 + 0.472 580.6 
07/09/14 1550 + 3.051 535.8 + 0.480 580.6 
07/09/14 1950 + 3.066 535.8 + 0.480 580.6 
07/09/14 2350 + 2.924 535.8 + 0.485 580.6 
07/10/14 350 + 2.810 535.8 + 0.486 580.6 
07/10/14 750 + 2.454 535.8 + 0.485 580.6 
69 
 
  
Time 
Eosine Sulphorhodamine B 
Date Result 
Conc. 
(ppb) Peak Center(nm) Result 
Conc. 
(ppb) Peak Center(nm) 
07/10/14 1150 + 1.916 536.0 + 0.494 580.4 
07/10/14 1550 + 1.475 536.0 + 0.499 580.6 
07/10/14 1950 + 1.170 536.2 ++ 0.509 580.4 
07/10/14 2350 + 1.012 536.4 ++ 0.510 580.6 
07/11/14 350 B 0.892 536.4 ++ 0.516 580.6 
07/11/14 750 + 3.572 535.6 + 0.476 580.6 
07/11/14 1150 + 3.444 535.8 + 0.466 580.4 
07/11/14 1550 + 3.527 535.8 + 0.464 580.4 
07/11/14 1950 + 3.499 535.8 + 0.463 580.4 
07/11/14 2350 + 3.474 535.8 + 0.447 580.4 
07/12/14 350 + 3.419 535.8 + 0.446 580.4 
07/12/14 750 + 3.394 535.8 + 0.433 580.4 
07/12/14 1150 + 3.364 535.8 + 0.433 580.4 
07/12/14 1550 + 3.324 535.8 + 0.443 580.0 
07/12/14 1950 + 3.263 535.8 + 0.428 580.2 
07/12/14 2350 + 3.223 535.8 + 0.421 580.0 
07/13/14 350 + 3.211 535.8 + 0.420 580.4 
07/13/14 750 + 3.153 535.8 + 0.420 580.0 
07/13/14 1150 + 3.064 535.8 + 0.420 580.2 
07/13/14 1550 + 3.084 535.8 + 0.400 580.2 
07/13/14 1950 + 3.054 535.8 + 0.389 580.2 
07/13/14 2350 + 3.059 535.8 + 0.384 580.2 
07/14/15 350 + 2.959 535.8 + 0.372 580.2 
07/14/15 750 + 2.935 535.8 + 0.369 580.2 
07/14/15 1150 + 2.937 535.8 + 0.366 580.4 
07/14/15 1550 + 2.719 535.8 + 0.346 580.0 
07/14/15 1950 + 2.723 535.8 + 0.340 580.0 
07/14/15 2350 + 2.658 535.8 + 0.328 580.2 
07/15/14 350 + 2.790 535.8 + 0.336 580.0 
07/15/14 1350 + 2.732 535.8 + 0.340 580.2 
07/15/14 1950 + 2.732 535.8 + 0.348 580.0 
07/16/14 150 + 2.815 535.8 + 0.348 580.0 
07/16/14 750 + 2.798 535.8 + 0.334 580.0 
07/16/14 1350 + 2.708 535.8 + 0.333 579.8 
07/17/14 150 + 2.680 535.8 + 0.312 579.8 
07/17/14 750 + 2.664 535.8 + 0.307 579.8 
07/17/14 1350 + 2.592 536.0 + 0.309 579.8 
07/17/14 1950 + 2.595 535.8 + 0.293 579.8 
07/18/14 150 + 2.689 535.8 + 0.298 579.8 
07/18/14 750 + 2.637 535.8 + 0.287 579.8 
07/18/14 1350 + 2.558 536.0 + 0.285 579.4 
07/18/14 1950 + 2.642 536.0 + 0.283 579.6 
07/19/14 150 + 2.601 536.0 + 0.268 579.6 
07/19/14 750 + 2.617 536.0 + 0.272 579.4 
07/21/14 1350 + 2.487 536.0 + 0.211 579.0 
07/21/14 2150 + 2.509 536.0 + 0.214 579.0 
07/22/14 550 + 2.585 536.0 + 0.210 578.8 
07/22/14 1350 + 2.506 536.0 + 0.213 579.0 
07/22/14 2150 + 2.536 536.0 + 0.197 579.0 
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Time 
Eosine Sulphorhodamine B 
Date Result 
Conc. 
(ppb) Peak Center(nm) Result 
Conc. 
(ppb) Peak Center(nm) 
07/23/14 550 + 2.492 536.0 + 0.181 579.0 
07/23/14 1350 + 2.505 536.0 + 0.179 579.0 
07/23/14 2150 + 2.474 536.0 + 0.168 579.0 
07/24/14 550 + 2.491 536.0 + 0.179 578.8 
07/24/14 1350 + 2.430 536.0 + 0.163 578.2 
07/24/14 2150 + 2.646 536.0 + 0.153 578.4 
07/25/14 550 + 2.482 536.0 + 0.153 578.4 
07/25/14 1350 + 2.447 536.0 + 0.147 578.2 
07/25/14 2150 + 2.438 536.0 + 0.147 578.6 
07/26/14 550 + 2.433 536.0 + 0.138 578.4 
07/26/14 1350 + 2.425 536.0 + 0.134 578.6 
07/26/14 2150 + 1.924 536.0 + 0.120 577.0 
07/27/14 550 + 2.272 536.0 + 0.126 578.0 
07/27/14 1350 + 1.994 536.0 + 0.108 577.4 
07/27/14 2150 + 2.069 536.0 + 0.107 578.0 
07/28/14 550 + 2.380 536.0 + 0.116 577.8 
07/28/14 1350 + 2.264 536.0 + 0.113 577.4 
07/28/14 2150 + 2.278 536.0 + 0.112 578.0 
07/29/14 550 + 2.315 536.0 + 0.106 577.4 
07/29/14 1200 + 2.308 536.0 + 0.101 577.6 
IB = Initial Background   B = Background + = Positive ND = non-detect 
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APPENDIX E 
 
 
Potentiometric Surface Data 2013-2015 
 
Date 
PZ 
41A 
PZ 
42A 
PZ 
43A 
PZ 
44B 
PZ 
46A 
PZ 
47A 
PZ 
48A PZ 49 PZ101A PZ101B PZ102A 
1/4/13 528.72 520.61 525.70 533.08 523.71 518.09 521.41 516.03 536.32 539.78 535.78 
2/5/2013 530.12 520.61 526.10 533.08 524.41 518.19 521.31 516.03 537.42 540.68 536.48 
3/8/2013 529.82 520.81 526.40 532.58 524.51 518.39 521.31 516.33 537.42 540.68 536.38 
4/5/2013 531.32 520.61 525.90 532.58 524.31 518.19 521.31 516.23 537.42 540.18 534.98 
5/9/2013 532.02 520.61 525.90 532.58 524.31 518.19 521.31 516.23 537.42 540.68 538.08 
6/5/2013 529.92 520.51 527.00 532.28 523.51 518.19 521.31 516.33 537.42 540.08 534.98 
7/19/2013 529.52 520.81 526.00 532.28 523.41 518.29 521.31 516.33 537.12 539.98 535.08 
8/6/2013 529.62 520.51 525.80 532.28 523.41 518.09 521.31 516.13 536.72 538.08 534.68 
9/5/2013 529.32 520.71 525.90 532.58 523.51 518.29 521.31 516.33 536.62 535.58 534.78 
10/3/2013 529.42 520.31 525.80 532.58 523.11 518.09 521.31 516.23 536.22 534.78 534.68 
11/4/2013 528.72 520.51 525.7 532.48 523.71 517.99 521.31 516.13 537.62 534.38 535.28 
12/4/2013 529.12 520.51 525.8 532.48 523.61 517.99 521.31 516.23 536.12 538.88 534.98 
1/2/2014 530.42 520.61 525.9 532.48 525.01 518.19 521.31 516.33 536.72 539.58 535.88 
2/7/2014 530.42 520.71 525.9 532.48 523.91 518.29 521.31 516.43 537.22 539.48 535.08 
3/3/2014 530.62 520.71 525.8 532.58 524.31 518.29 521.31 516.33 537.22 539.78 535.28 
4/8/2014 532.52 520.71 525.8 533.08 525.91 518.39 521.31 516.43 537.72 541.18 541.88 
5/5/2014 531.82 520.61 525.5 532.38 525.01 518.29 521.01 516.13 538.22 540.38 541.08 
6/5/2014 531.42 520.71 525.5 532.58 524.61 518.29 521.31 516.43 538.62 539.88 535.28 
7/10/2014 530.32 520.71 525.5 532.78 523.71 518.29 521.31 516.43 537.72 539.58 534.98 
8/13/2014 529.32 520.51 525.5 532.58 523.61 517.99 521.31 516.33 537.42 539.38 534.98 
9/11/2014 529.42 520.71 525.5 532.58 523.61 518.19 521.01 516.33 536.62 536.08 534.98 
10/9/2014 528.62 520.51 525.5 532.58 523.31 518.19 521.41 516.43 536.62 536.28 534.98 
11/8/2014 529.02 520.71 525.5 532.58 523.61 518.29 521.21 516.43 536.42 537.88 534.88 
12/8/2014 529.02 520.71 525.4 532.58 523.61 518.29 521.41 516.33 536.42 539.08 535.08 
1/6/2015 529.82 520.81 525.4 532.58 523.71 518.29 521.41 516.33 536.42 539.38 537.48 
2/4/2015 529.92 520.81 525.5 532.58 523.61 518.39 521.61 516.43 536.72 540.28 535.18 
3/3/2015 530.12 520.71 525.5 532.58 523.31 518.29 521.61 516.43 536.62 539.98 535.08 
3/16/2015 532.42 520.81 525.4 533.48 525.71 518.49 521.41 516.43 537.12 540.98 543.48 
4/6/2015 532.52 520.71 525.4 532.88 525.41 518.39 521.41 516.43 538.02 540.38 541.38 
4/8/2015 532.92 520.81 525.5 533.98 526.11 518.49 521.41 516.43 538.32 540.48 544.78 
4/17/2015 533.72 520.81 525.5 534.88 527.61 517.59 521.21 516.43 540.22 540.58 542.68 
4/19/2015 533.72 520.81 0.00 534.88 527.61 517.59 521.21 516.43 0.00 0.00 0.00 
4/24/2015 532.92 520.81 525.6 535.48 528.31 518.49 521.21 516.43 541.12 540.28 543.28 
4/30/2015 532.12 520.71 525.5 535.38 528.11 518.29 521.41 516.33 541.62 539.98 541.78 
 
*Zero value indicates missing data. 
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Date 
PZ 
102B 
PZ 
103A 
PZ 
103B 
PZ 
104A 
PZ 
104B WP 1 WP 2 WP 3 WP 4 WP 8 WP 23 
1/4/13 537.29 539.29 534.72 533.33 543.66 526.75 532.89 531.31 532.04 532.50 530.95 
2/5/2013 537.89 539.99 535.92 534.63 543.86 526.45 534.99 533.41 533.84 526.60 531.25 
3/8/2013 537.69 539.79 535.72 534.33 543.76 526.45 534.89 533.41 533.94 526.50 531.95 
4/5/2013 537.49 539.89 535.22 532.03 543.66 526.85 537.89 533.41 533.54 536.10 532.05 
5/9/2013 537.49 539.69 535.32 536.33 543.66 526.95 538.69 533.61 534.54 535.60 532.55 
6/5/2013 537.59 539.59 534.82 530.83 543.66 526.95 533.39 533.41 532.34 536.00 532.05 
7/19/2013 537.59 539.29 534.72 530.63 543.56 526.65 0.00 0.00 531.94 536.80 531.85 
8/6/2013 537.29 534.89 534.32 530.63 543.46 526.75 0.00 0.00 531.84 536.50 531.25 
9/5/2013 537.29 538.79 534.32 530.63 543.46 527.25 550.19 532.11 531.84 535.80 529.95 
10/3/2013 537.19 538.69 534.32 530.33 543.36 525.85 547.39 531.61 531.24 535.60 529.05 
11/4/2013 537.19 538.79 534.62 533.43 543.46 526.25 559.19 531.41 531.94 535.80 530.15 
12/4/2013 537.39 538.79 534.62 530.53 543.36 526.35 557.79 532.21 531.84 537.10 534.35 
1/2/2014 537.59 539.29 535.52 533.43 543.46 526.35 560.29 533.61 532.94 540.00 537.85 
2/7/2014 537.49 539.59 534.92 531.43 543.56 526.65 559.99 533.11 532.84 537.10 531.65 
3/3/2014 537.49 539.49 535.02 532.03 543.56 526.65 560.59 533.11 533.34 535.90 531.85 
4/8/2014 537.99 539.39 536.42 541.03 543.46 527.05 560.49 534.21 534.74 536.90 533.15 
5/5/2014 537.59 539.99 535.42 540.43 543.56 527.05 559.69 534.11 534.44 538.10 532.85 
6/5/2014 537.69 540.59 535.52 531.93 543.56 527.35 558.99 534.31 532.94 539.50 532.85 
7/10/2014 537.39 539.59 534.72 530.73 543.56 528.05 557.99 534.21 532.54 539.40 532.65 
8/13/2014 537.49 539.39 534.62 530.73 543.56 526.45 557.89 532.51 532.04 538.20 532.55 
9/11/2014 537.29 538.79 534.42 530.33 543.46 526.65 551.29 532.91 532.04 535.80 530.85 
10/9/2014 537.49 538.69 534.62 530.43 543.46 526.45 547.79 532.61 531.64 535.60 530.65 
11/8/2014 537.39 538.69 534.52 530.43 543.56 526.35 551.09 532.71 531.84 536.00 531.15 
12/8/2014 537.19 538.79 534.42 531.63 543.56 526.25 559.99 532.51 532.14 535.00 531.25 
1/6/2015 536.89 538.69 534.22 536.13 543.46 526.65 560.79 533.41 534.94 534.00 532.25 
2/4/2015 537.19 538.99 534.62 531.63 543.56 525.85 559.89 534.21 533.44 533.00 533.25 
3/3/2015 537.59 538.69 534.62 530.63 543.46 526.45 558.79 533.21 532.64 531.90 531.95 
3/16/2015 537.69 539.19 535.92 542.13 543.66 529.35 560.59 534.11 535.94 534.80 532.85 
4/6/2015 537.59 539.89 536.12 540.83 543.56 527.05 559.69 534.41 534.44 539.40 533.15 
4/8/2015 537.89 540.09 536.62 543.33 543.56 527.35 560.59 535.21 535.74 540.20 533.35 
4/17/2015 538.79 540.79 537.02 541.73 543.56 526.35 559.99 534.51 534.54 539.70 533.05 
4/19/2015 0.00 0.00 0.00 0.00 0.00 526.35 559.99 534.51 534.54 0.00 533.05 
4/24/2015 538.09 540.29 537.52 542.43 543.56 527.85 559.69 535.21 534.44 539.90 532.85 
4/30/2015 538.09 541.59 537.72 541.03 543.56 528.25 558.29 535.31 533.74 542.90 532.75 
 
*Zero value indicates missing data. 
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APPENDIX F 
 
 
Glen Dean Limestone Elevation and Thickness Data  
 
 
Location Top Elevation Bottom Elevation Thickness 
PZ 40 533.70 505.70 28.00 
PZ 41 515.10 506.10 9.00 
PZ 41A 514.80 509.80 5.00 
PZ 42 537.00 509.60 27.40 
PZ 42A 521.38 510.38 11.00 
PZ 43 550.49 521.29 29.20 
PZ 43A 549.49 521.39 28.10 
PZ 44 533.15 508.15 25.00 
PZ 44B 532.79 508.79 24.00 
PZ 45 530.90 511.30 19.60 
PZ 45A 531.60 511.60 20.00 
PZ 46 543.03 514.23 28.80 
PZ 46A 544.93 515.83 29.10 
PZ 47  543.04 531.04 12.00 
PZ 47A 512.26 501.26 11.00 
PZ 48 548.40 519.30 29.10 
PZ 48A 547.24 521.24 26.00 
PZ 49 538.86 514.86 24.00 
PZ 50 540.10 517.10 23.00 
WP 1 517.54 493.04 24.50 
WP 2 500.69 497.19 3.50 
WP 3 526.78 505.78 21.00 
WP 4 519.20 509.20 10.00 
WP 5 538.40 510.40 28.00 
WP 6 489.50 468.90 20.60 
WP 7 549.85 521.85 28.00 
WP 8 546.80 522.80 24.00 
WP 9 543.00 527.00 16.00 
WP 10 551.00 525.50 25.50 
WP 11 559.30 532.30 27.00 
WP 12 546.56 536.56 10.00 
WP 21 515.30 496.40 18.90 
WP 22 522.80 494.60 28.20 
WP 23 502.15 494.15 8.00 
GC 1A (PZ101A) 0.00 0.00 0.00 
GC 1B (PZ101B) 0.00 0.00 0.00 
GC 2A (PZ102A) 0.00 0.00 0.00 
GC 2B (PZ102B) 0.00 0.00 0.00 
GC 3A (PZ103A) 0.00 0.00 0.00 
GC 3B (PZ103B) 0.00 0.00 0.00 
GC 4A (PZ104A) 0.00 0.00 0.00 
GC 4B (PZ104B) 0.00 0.00 0.00 
 
